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Abstract: Single-cycle terahertz fields generated by coherent transition
radiation from a relativistic electron beam are used to study the high field
optical response of single crystal GaAs. Large amplitude changes in the
sub-band-gap optical absorption are induced and probed dynamically by
measuring the absorption of a broad-band optical beam generated by
transition radiation from the same electron bunch, providing an absolutely
synchronized pump and probe geometry. This modification of the optical
properties is consistent with strong-field-induced electroabsorption. These
processes are pertinent to a wide range of nonlinear terahertz-driven lightmatter interactions anticipated at accelerator-based sources.
©2014 Optical Society of America
OCIS codes: (320.7130) Ultrafast processes in condensed matter, including semiconductors;
(190.4720) Optical nonlinearities of condensed matter; (120.0120) Instrumentation,
measurement, and metrology.

References and links
1.

K.-L. Yeh, M. C. Hoffmann, J. Hebling, and K. A. Nelson, “Generation of 10 μJ ultrashort terahertz pulses by
optical rectification,” Appl. Phys. Lett. 90(17), 171121 (2007).
2. H. Hirori, A. Doi, F. Blanchard, and K. Tanaka, “Single-cycle terahertz pulses with amplitudes exceeding 1
MV/cm generated by optical rectification in LiNbO3,” Appl. Phys. Lett. 98(9), 091106 (2011).
3. K.-Y. Kim, J. H. Glownia, A. J. Taylor, and G. Rodriguez, “High-power broadband terahertz generation via twocolor photoionization in gases,” IEEE J. Quantum Electron. 48(6), 797–805 (2012).
4. T. Bartel, P. Gaal, K. Reimann, M. Woerner, and T. Elsaesser, “Generation of single-cycle THz transients with
high electric-field amplitudes,” Opt. Lett. 30(20), 2805–2807 (2005).
5. C. Ruchert, C. Vicario, and C. P. Hauri, “Scaling submillimeter single-cycle transients toward megavolts per
centimeter field strength via optical rectification in the organic crystal OH1,” Opt. Lett. 37(5), 899–901 (2012).
6. F. Junginger, A. Sell, O. Schubert, B. Mayer, D. Brida, M. Marangoni, G. Cerullo, A. Leitenstorfer, and R.
Huber, “Single-cycle multiterahertz transients with peak fields above 10 MV/cm,” Opt. Lett. 35(15), 2645–2647
(2010).
7. Y. Minami, T. Kurihara, K. Yamaguchi, M. Nakajima, and T. Suemoto, “High-power THz wave generation in
plasma induced by polarization adjusted two-color laser pulses,” Appl. Phys. Lett. 102(4), 041105 (2013).
8. M. Clerici, M. Peccianti, B. E. Schmidt, L. Caspani, M. Shalaby, M. Giguère, A. Lotti, A. Couairon, F. Légaré,
T. Ozaki, D. Faccio, and R. Morandotti, “Wavelength scaling of terahertz generation by gas ionization,” Phys.
Rev. Lett. 110(25), 253901 (2013).
9. T. I. Oh, Y. S. You, N. Jhajj, E. W. Rosenthal, H. M. Milchberg, and K. Y. Kim, “Intense terahertz generation in
two-color laser filamentation: energy scaling with terawatt laser systems,” New J. Phys. 15(7), 075002 (2013).
10. K. Holldack, S. Khan, R. Mitzner, and T. Quast, “Femtosecond terahertz radiation from femtoslicing at
BESSY,” Phys. Rev. Lett. 96(5), 054801 (2006).

#211353 - $15.00 USD
(C) 2014 OSA

Received 2 May 2014; revised 27 Jun 2014; accepted 27 Jun 2014; published 10 Jul 2014
14 July 2014 | Vol. 22, No. 14 | DOI:10.1364/OE.22.017423 | OPTICS EXPRESS 17423

11. J. M. Byrd, Z. Hao, M. C. Martin, D. S. Robin, F. Sannibale, R. W. Schoenlein, A. A. Zholents, and M. S.
Zolotorev, “Tailored terahertz pulses from a laser-modulated electron beam,” Phys. Rev. Lett. 96(16), 164801
(2006).
12. M. Gensch, L. Bittner, A. Chesnov, H. Delsim-Hashemi, M. Drescher, B. Faatz, J. Feldhaus, U. Fruehling, G.
Geloni, C. Gerth, O. Grimm, U. Hahn, M. Hesse, S. Kapitzki, V. Kocharyan, O. Kozlov, E. Matyushevsky, N.
Morozov, D. Petrov, E. Ploenjes, M. Roehling, J. Rossbach, E. L. Saldin, B. Schmidt, P. Schmueser, E. A.
Schneidmiller, E. Syresin, A. Willner, and M. V. Yurkov, “New infrared undulator beamline at FLASH,”
Infrared Phys. Technol. 51(5), 423–425 (2008).
13. Z. Wu, A. S. Fisher, J. Goodfellow, M. Fuchs, D. Daranciang, M. Hogan, H. Loos, and A. Lindenberg, “Intense
terahertz pulses from SLAC electron beams using coherent transition radiation,” Rev. Sci. Instrum. 84(2),
022701 (2013).
14. W. J. Ding, Z. M. Sheng, and W. S. Koh, “High-field half-cycle terahertz radiation from relativistic laser
interaction with thin solid targets,” Appl. Phys. Lett. 103(20), 204107 (2013).
15. A. Gopal, S. Herzer, A. Schmidt, P. Singh, A. Reinhard, W. Ziegler, D. Brömmel, A. Karmakar, P. Gibbon, U.
Dillner, T. May, H. G. Meyer, and G. G. Paulus, “Observation of Gigawatt-class THz pulses from a compact
laser-driven particle accelerator,” Phys. Rev. Lett. 111(7), 074802 (2013).
16. T. Takahashi, Y. Shibata, F. Arai, K. Ishi, T. Ohsaka, M. Ikezawa, Y. Kondo, T. Nakazato, S. Urasawa, R. Kato,
S. Niwano, and M. Oyamada, “Coherent transition radiation at submillimeter and millimeter wavelengths,” Phys.
Rev. E Stat. Phys. Plasmas Fluids Relat. Interdiscip. Topics 48(6), 4674–4677 (1993).
17. M. Castellano, A. Cianchi, G. Orlandi, and V. A. Verzilov, “Effects of diffraction and target finite size on
coherent transition radiation spectra in bunch length measurements,” Nucl. Instrum. Methods Phys. Res., Sect. A
435, 297–307 (1999).
18. G. L. Carr, M. C. Martin, W. R. McKinney, K. Jordan, G. R. Neil, and G. P. Williams, “High-power terahertz
radiation from relativistic electrons,” Nature 420(6912), 153–156 (2002).
19. Y. Shen, T. Watanabe, D. A. Arena, C.-C. Kao, J. B. Murphy, T. Y. Tsang, X. J. Wang, and G. L. Carr,
“Nonlinear cross-phase modulation with intense single-cycle terahertz pulses,” Phys. Rev. Lett. 99(4), 043901
(2007).
20. J. van Tilborg, C. B. Schroeder, C. Tóth, C. G. Geddes, E. Esarey, and W. P. Leemans, “Single-shot
spatiotemporal measurements of high-field terahertz pulses,” Opt. Lett. 32(3), 313–315 (2007).
21. S. Casalbuoni, B. Schmidt, P. Schmüser, V. Arsov, and S. Wesch, “Ultrabroadband terahertz source and
beamline based on coherent transition radiation,” Phys. Rev. ST Accel. Beams 12(3), 030705 (2009).
22. M. C. Hoffmann, S. Schulz, S. Wesch, S. Wunderlich, A. Cavalleri, and B. Schmidt, “Coherent single-cycle
pulses with MV/cm field strengths from a relativistic transition radiation light source,” Opt. Lett. 36(23), 4473–
4475 (2011).
23. I. Tudosa, C. Stamm, A. B. Kashuba, F. King, H. C. Siegmann, J. Stöhr, G. Ju, B. Lu, and D. Weller, “The
ultimate speed of magnetic switching in granular recording media,” Nature 428(6985), 831–833 (2004).
24. D. Daranciang, J. Goodfellow, M. Fuchs, H. Wen, S. Ghimire, D. A. Reis, H. Loos, A. S. Fisher, and A. M.
Lindenberg, “Single-cycle terahertz pulses with >0.2 V/Å field amplitudes via coherent transition radiation,”
Appl. Phys. Lett. 99(14), 141117 (2011).
25. S. Ghimire, A. D. DiChiara, E. Sistrunk, U. B. Szafruga, P. Agostini, L. F. DiMauro, and D. A. Reis, “Redshift
in the optical absorption of ZnO single crystals in the presence of an intense midinfrared laser field,” Phys. Rev.
Lett. 107(16), 167407 (2011).
26. F. Novelli, D. Fausti, F. Giusti, F. Parmigiani, and M. Hoffmann, “Mixed regime of light-matter interaction
revealed by phase sensitive measurements of the dynamical Franz-Keldysh effect,” Sci. Rep. 3, 1227 (2013).
27. W. Kuehn, P. Gaal, K. Reimann, M. Woerner, T. Elsaesser, and R. Hey, “Terahertz-induced interband tunneling
of electrons in GaAs,” Phys. Rev. B 82(7), 075204 (2010).
28. L. V. Keldysh, “Ionization in the field of a strong electromagnetic wave,” Sov. Phys. JETP 20, 1307–1314
(1965).
29. W. Franz, “Einfluss eines elektrischen feldes auf eine optische absorptionskante,” Z. Naturforsch. Teil A 13, 484
(1958).
30. L. V. Keldysh, “Behavior of non-metallic crystals in strong electric fields,” Sov. Phys. JETP 6, 763 (1958).
31. D. Mihalcea, C. Bohn, U. Happek, and P. Piot, “Longitudinal electron bunch diagnostics using coherent
transition radiation,” Phys. Rev. ST Accel. Beams. 9(8), 082801 (2006).
32. H. Loos, R. Akre, A. Brachmann, F. J. Decker, Y. Ding, D. Dowell, P. Emma, J. Frisch, S. Gilevich, G. Hays, P.
Hering, Z. Huang, R. Iverson, C. Limborg-Deprey, A. Miahnahri, S. Molloy, H. D. Nuhn, J. Turner, J. Welch,
W. White, and J. Wu, “Observation of coherent optical transition radiation in the LCLS linac,” SLAC-PUB13395 (2008).
33. V. E. Gruzdev, “Features of the laser ionization of crystalline broad-band insulators,” J. Opt. Technol. 73(6),
385–390 (2006).
34. V. E. Gruzdev, “Analysis of the transparent-crystal ionization model developed by LV Keldysh,” J. Opt.
Technol. 71(8), 504–508 (2004).

1. Introduction
Intense single-cycle light pulses at terahertz (THz) frequencies enable new means for
engineering materials properties through direct manipulation of atomic and electronic degrees
of freedom. In the past several years, significant progress has occurred utilizing both laser-
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based and accelerator-based approaches for generating high fields in the 1-10 THz frequency
range. Laser-based sources have enabled pulses with peak fields of order 1 MV/cm and
energies of ~10-100 μJ at frequencies near 1 THz [1–9]. Nevertheless, many field-driven
processes remain out of reach at these field strengths, and accelerator based sources, based on
coherent radiation from relativistic electron beams, represent an alternative pathway towards
the generation of extreme fields, reaching sizable fractions of interatomic fields in matter [10–
23]. Previously, we have reported the measurement of quasi-half cycle pulses with peak fields
exceeding 20 MV/cm at a center frequency of 10 THz via coherent transition radiation (CTR)
at the Linac Coherent Light Source (LCLS) free-electron laser [13,24]. Here, we present first
pump-probe, time-resolved measurements of dynamics induced by a CTR-based source. At
these field strengths, THz pulses are intense enough to strongly modify the band structure in a
wide range of solid-state materials. Accordingly, characterization of this effect is a
prerequisite for subsequent observations of dynamics induced by strong fields with these
characteristics. Probing below band-gap in intrinsic GaAs, we observe large amplitude
(~80%) transmission decreases consistent with previous observations of strong-field-induced
electroabsorption [25–27], but occurring within a largely unexplored region of light-matter
interaction at frequencies ~10 THz and fields ~1 MV/cm, where the ponderomotive energy is
comparable both to the band gap and to the conduction band width, in the single-cycle limit.
This work additionally demonstrates a new experimental capability to carry out THz pump /
broad-band spectroscopic probe measurements where both pump and probe are generated via
transition radiation and therefore absolutely synchronized with respect to each other.
The ionization of solids in an AC electromagnetic field was first treated comprehensively
by Keldysh [28], following previous studies in DC fields [29,30]. He showed that the familiar
cases of multiphoton ionization and field induced tunneling are in fact limiting cases of a
unified physical process. He also introduced the adiabaticity parameter γ = ω ( mε g )

1/ 2

/ (eE )

(later known as the Keldysh parameter) as an indicator of the dominant ionization regime for
strong field measurements. Here ω and E are the frequency and amplitude of the driving field,
m is the effective mass, and εg is the band gap of the material. This parameter is the ratio of
the tunneling time to the optical period. For γ<<1, electrons follow the driving field
adiabatically and the process reduces to the familiar case of tunneling in a quasi-static field.
Conversely, for γ>>1 the ionization is well-described by a multiphoton absorption process in
which the incident field can be treated perturbatively. The condition γ~1 thus defines a
transition between classical and quantum regimes, in which both field and photon effects
must be considered.
2. Results
Terahertz radiation for these experiments was generated via coherent transition radiation
(CTR) from 50 fs FWHM, 13 GeV, 350 pC electron bunches at 120 Hz generated by the
LCLS. As each bunch passes through a thin metal foil, the discontinuity in dielectric constant
leads to emission of broadband radiation at frequencies related to the temporal charge
distribution of the bunch [31]. The short duration of the bunch leads to coherent enhancement
of the emitted radiation in the THz regime with peak frequencies centered near 10 THz (30
μm) and a quasi-half-cycle pulse shape of duration ~100 fs [13,24]. The radiated spectrum
extends to higher frequencies through the visible range, with some optical frequencies also
experiencing coherent enhancement due to microbunching in the electron beam [32]. This
optical transition radiation (OTR) serves as a fully synchronized probe for time resolved
experiments, and its broadband spectral content allows access to the band-edge electronic
structure in a variety of semiconducting and insulating materials. Both the CTR and OTR
beams are radially polarized due to the symmetry of the electron bunch. In the following we
use CTR and THz interchangeably to refer to the single-cycle THz-frequency pump beam.
The transition radiation is extracted from the electron beam pipe and diverted into the
experimental setup as shown in Fig. 1. The electron beam traverses through a 10 μm thick Be
foil at 45° angle of incidence, emitting transition radiation in the forward and downward (i.e.
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reflected) direction. The downward radiation exits the evacuated beam pipe via a 250 μm
thick, 25 mm

Fig. 1. Experimental setup showing extraction of terahertz pulses from electron beam and
pump-probe setup. At right shows images of transmitted THz fields through a polarizer
oriented vertically (top) and horizontally (bottom) showing the radial polarization of the
extracted beams. Pump (THz) and probe (OTR) light are spatially and temporally overlapped
as shown in a 1 mm thick GaAs crystal.

diameter diamond window and is collimated by a gold off-axis parabolic mirror with a 190
mm effective focal length. The beams are propagated through the remainder of the setup via
free space optics in an enclosure purged with dry air. The pump probe setup takes the form of
a Mach-Zehnder interferometer, with 1 mm thick, intrinsic Si wafers used as quasi-dichroic
beamsplitters. Nonlinear THz interactions in the Si can be neglected due to the large beam
size there. To perform diagnostics on the full CTR beam, the Mach-Zehnder can be bypassed
by removing these beamsplitters. In this configuration the transition radiation can be routed to
a thermopile power meter or a pyroelectric camera for imaging. A pair of broadband THz
polarizers can be inserted into the CTR path for independent control of the polarization and
field amplitude. Due to the radial polarization, the first polarizer spatially truncates the CTR
profile as shown in Fig. 1. The peak field is not significantly reduced by the insertion of the
polarizers when optimally aligned. For measuring the field dependence of pump probe
signals, the second polarizer is rotated in order to prevent any changes to the spatial overlap
of the pump and probe beams. When the silicon beamsplitters are inserted, the OTR is
spectrally separated from the CTR and recombined collinearly after traversing a mechanical
delay stage. The OTR passes through a thick calcium fluoride window to remove the terahertz
radiation from the probe line. The reflection from the window also serves as normalization for
the transmission studies. The overlap of the two beams is obtained using a pyroelectric
camera.
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Fig. 2. Normalized THz pump / below-band-gap optical probe signal in GaAs. Inset shows
long-time response.

As a first pump probe experiment, we investigated the time resolved transmission through
a GaAs wafer excited by a high-field THz CTR pulse. A 1 mm thick, intrinsic GaAs sample
cut in the (110) orientation is positioned in the focus of the CTR. The OTR and CTR have
similar focused spot sizes of ~400 μm. THz polarizers in the CTR line are used to fix the
spatial profile of the pump and modify the incident intensity. A bandpass filter in the OTR
path restricts the probe wavelengths to a range of 750-1000 nm with energy < 1 μJ to prevent
any modification of the sample’s optical properties due to strong visible or IR radiation. The
transmitted OTR intensity is monitored with a Si photodiode. Because light with wavelength
below approximately 900 nm is strongly absorbed by the sample, we effectively probe the
region from about 900-1000 nm in this measurement, limited in the long wavelength range by
the band pass filter and the cut-off of the silicon diode response. A calcium fluoride window
in front of the photodiode prevents any anomalous response due to the strong collinear CTR.
The results of the measurement are shown in Figs. 2 and 3. We observe an 80% reduction
in the transmitted OTR intensity when the temporal overlap with the CTR pulse is optimized.
Adjusting our previous field estimates for transmission through two Si wafers, different
focusing conditions, and the reflectivity of the GaAs wafer, we estimate peak fields in the
experiment of ~1 MV/cm centered at 10 THz within the GaAs sample. Previous
measurements have characterized the spectral bandwidth of these pulses using a Michelson
interferometer [24]. For these fields, taking the GaAs band gap of 1.43 eV and electron
effective mass of 0.062me, γ is approximately 0.5 and the ionization behavior is expected to
be described by the dynamical Franz-Keldysh effect (DFKE) with the transmission decrease
attributable to a transient redshift of the absorption edge. In the absence of the THz field, the
bandwidth of the transmitted probe is approximately 0.2 eV. Since the sample is thick, we
treat the transmission coefficient as a step function which goes from 100% transmissive to
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Fig. 3. Fluence dependence of nonlinear THz induced modulation at t~2 ps after excitation.

opaque at the onset of the absorption edge. Under this approximation, a redshift of ~0.1 eV
would be required to explain a ~50% transmission decrease. The induced redshift can be
approximately estimated from the tunneling transition rate for photon energies below the band
gap [30]:
 4 2m

(∈g − Ω)3/2 
 3eE


ω ( E , Ω) ∝ exp  −

(1)

where Ω is the photon frequency. Identifying the edge position as the energy for which the
exponent becomes −1, we obtain a redshift of 0.15 eV for the peak field of 1 MV/cm in rough
agreement with observations. At high intensities, the transmission decrease saturates as
previously observed (Fig. 3) [25] without evidence for sample damage. Deviations in the
effect at high field are not surprising given the ponderomotive energy of 1.8 eV for our
experimental conditions, a value comparable to the conduction band width, and a regime in
which the Bloch frequency is comparable to the probe frequency [25,33,34]. We note that the
broad temporal signature of the effect is consistent with the group velocity dispersion
between the THz and the optical radiation, which leads to a few picosecond difference in
propagation times through the 1 mm GaAs crystal, consistent with observations. Additionally,
the THz field is back-reflected at the back interface of the sample, leading to Fabry-Perot
effects and replicas of the THz-driven effect at longer times (>16 ps), as shown in the inset to
Fig. 2, explaining the long-lived nature of the observed signal [25].
3. Conclusion
In summary, we have studied the nonlinear THz response of intrinsic GaAs under intense
THz-fields generated by coherent transition radiation. The broadband OTR from the same
electron bunch was used as a dynamical probe in order to obtain jitter-free time resolution in a
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pump-probe geometry. While our results are consistent with previous work at moderate field
strengths, we observe novel phenomena such as the saturation of the THz effects in
semiconductors at higher peak fields. Future investigations into these effects will be improved
by spectrally resolving the transmitted probe in order to directly measure the field-induced
distortions in the optical absorption, by measurement of thin film samples, and by extensions
of this work to even higher fields, now achievable at accelerator-based sources.
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